An analysis of the direct soft photon production rate as a function of the parent jet characteristics is presented, based on hadronic events collected by the DELPHI experiment at LEP1. The dependences of the photon rates on the jet kinematic characteristics (momentum, mass, etc.) and on the jet charged, neutral and total hadron multiplicities are reported. Up to a scale factor of about four, which characterizes the overall value of the soft photon excess, a similarity of the observed soft photon behaviour to that of the inner hadronic bremsstrahlung predictions is found for the momentum, mass, and jet charged multiplicity dependences. However for the dependence of the soft photon rate on the jet neutral and total hadron multiplicities a prominent difference is found for the observed soft photon signal as compared to the expected bremsstrahlung from final state hadrons. The observed linear increase of the soft photon production rate with the jet total hadron multiplicity and its strong dependence on the jet neutral multiplicity suggest that the rate is proportional to the number of quark pairs produced in the fragmentation process, with the neutral pairs being more effectively radiating than the charged ones.
 1 
Introduction
Recent analysis of the soft photon production in hadronic decays of the Z 0 studied with the DELPHI detector at LEP1 [1] revealed a significant excess of soft photons deep inside jets as compared to the predictions of parton shower models [2] [3] [4] [5] [6] for the photon rates induced by hadrons decaying radiatively (most of the photons coming from π 0 's). The photon kinematic range was defined in [1] as: 0.2 < E γ < 1 GeV, p T < 80 MeV/c, the p T being the photon transverse momentum with respect to the parent jet direction. Furthermore, the observed signal was much greater than the level of the inner hadronic bremsstrahlung, which according to the QED predictions (see [7, 8] ) was expected to be the dominant source of the direct soft photons in this kinematic region. Expressed in terms of the predicted bremsstrahlung rate, the observed signal was found to be 3.4 ± 0.2 ± 0.8 for the data uncorrected for the detection efficiency, and 4.0 ± 0.3 ± 1.0 for the corrected data (the first errors are statistical, the second ones are systematic).
The observation of the excess of soft photons in hadronic events of Z 0 decays reported in [1] is indeed a further contribution to the collection of the anomalous soft photon effects found earlier in reactions of multiple hadron production in several hadronic beam experiments at high energy [9] [10] [11] [12] [13] [14] , all at the photon c.m.s. rapidities y > 1.2 1 . Known for more than 20 years, they however still lack a theoretical explanation, in spite of being under active investigation. Reviews of the theoretical approaches to the problem can be found in [17, 18] (see also the references in [1] ).
On the other hand, no deviation of the photon production rates and/or other radiation characteristics has been observed compared to the predictions based on QED for effects of pure electroweak nature. For example, the electron inner bremsstrahlung in e + e − collisions at LEP (initial state radiation, ISR) was an important experimental effect, with which all the LEP experiments had to contend. No deviation of the ISR characteristics from those expected from theory was observed, either at the Z 0 or at high energy (see e.g. the DELPHI studies [19] [20] [21] ). A direct study of the muon inner bremsstrahlung in µ + µ − decays of the Z 0 (final state radiation, FSR) in events collected by the DELPHI experiment at LEP1, with the same experimental method as employed in [1] , has shown a good agreement of the observed photon production characteristics with those expected from the bremsstrahlung predictions [22] .
Thus, the soft photon anomaly seems to be restricted to the processes of multiple hadron production, i.e. it is rooted in strong interaction physics. Nevertheless it is clear that the development of a theory resolving this long-standing problem currently requires further experimental information. The process of e + e − annihilation to hadrons, in which events with well defined jet structure are produced, presents a suitable opportunity to meet the challenge. Therefore this paper continues the investigation of events from reaction e + e − → Z 0 → direct soft γ + hadrons (1) begun in paper [1] . The aim of the present analysis is the study of several dependences of the direct soft photon production on the parent jet characteristics, to which various models treating the anomalous radiation may be sensitive. Among these characteristics are the jet momentum, mass, net charge and the jet particle multiplicities. The last dependence is presented subdivided into three branches: dependences on charged, neutral and total (neutral + charged) multiplicities of the jet. The kinematic region of this analysis is kept the same as in [1] . Based on the results of this study, indications for a 2 possible localization of the source of anomalous soft photons are obtained: such a source may be the creation out of the QCD vacuum of the lightest (u, d) quarks, with their further evolution during the processes of the parton shower development and hadronization. This paper is organized as follows. Section 2 deals with the calculation of the inner hadronic bremsstrahlung. Section 3 provides a description of the apparatus, software, and the experimental method applied. Section 4 describes the selection cuts and data samples. In section 5 the definition of variables used in the analysis is given. Systematic uncertainties arising from various elements of the analysis method, and their estimates are presented in section 6. In section 7 the main results of the analysis are given. Discussion of the obtained results and their possible interpretation, with emphasis on the strong signal dependence on the jet neutral multiplicity, are given in section 8. Finally, section 9 provides a summary and conclusions.
Bremsstrahlung calculations
The production rate for both ISR and inner bremsstrahlung from final hadronic states in the soft photon region can be calculated simultaneously using a universal formula derived from Low [7] with a modification suggested by Haissinski [23] [24] [25] :
Here K and k denote photon four-and three-momenta, P are the four-momenta of beam e + , e − and N charged outgoing hadrons, and p 1 ... p N are the three-momenta of the hadrons; p i⊥ = p i − ( n · p i ) · n and n is the photon unit vector, n = k/k; η = 1 for the beam electron and for positive outgoing hadrons, η = −1 for the beam positron and negative outgoing hadrons, and the sum is extended over all the N + 2 charged particles involved; the last factor in the integrand is a differential hadron production rate.
Note, formula (2) is completely equivalent, from a theoretical point of view, to the analogous one, applied for calculation of the inner hadronic bremsstrahlung in [9, 10, 17] and considered to be standard in textbooks on electrodynamics. It differs from the latter by the numerator ( p i⊥ · p j⊥ ), used to replace the four-dimensional scalar product −(P i P j ). When dealing with relativistic particles, the advantage of such a replacement is essential and is based on the following. Both formulae operate, in general, by terms of big absolute values adjusted in such a way that they cancel each other in the sum almost completely due to η i , η j alternate signs. However this "fine tuning" which is rooted in the gauge invariance of electrodynamics and reflects the charge conservation law, is achieved in numerical calculations more easily with formula (2) . Therefore, when using detected particle spectra in the bremsstrahlung calculations, formula (2) is more stable with respect to the particle loss and measurement errors as compared to the standard one. Moreover, even in the case of using precise Monte Carlo spectra for the calculations, as was done in [1, [11] [12] [13] [14] 22] , the implementation of formula (2) should be preferred in computing the bremsstrahlung as giving smaller fluctuations of the sum terms for the specific particle and photon momentum configurations leading to extremely low values of denominators in formula (2) (so called collinear singularity).
Formula (2), as well as its standard analog, describes both initial state radiation from the colliding e + e − , and the inner bremsstrahlung from the final hadronic states. However, it was demonstrated in [1] that the ISR is rather small in the range of the photon polar angles to the beam Θ γ used in this analysis (barrel region), being about 1.5% of the total hadronic inner bremsstrahlung. The situation changes little even when there are very few charged particles inside the jet. For example, for charged jet multiplicities between 0 and 2 (which corresponds to the first bin of the photon rate distribution over the N ch variable defined below, see Sect. 5.3) the ISR rate in the chosen kinematic range is at the level of about 4% of the inner hadronic bremsstrahlung yield in this bin. Therefore the ISR contribution is marginal in the predicted bremsstrahlung rates.
Similarly, the yield of final state radiation from quarks of Z 0 disintegrations, calculated within the standard perturbative approach implemented in the LUND fragmentation model [2] [3] [4] 26] , is small too. It was shown in [1] where this approach was used to evaluate the bremsstrahlung radiation off quarks, that it is at the level of 3% of the inner hadronic bremsstrahlung within the kinematic range considered. The reasons for this suppression are the fractional quark charges (which give an attenuation factor of about 1/4) and large quark virtualities which are intrinsic for this approach.
The treatment of the three listed bremsstrahlung sources (inner hadronic bremsstrahlung, ISR and the radiation off quarks of Z 0 disintegrations) was different in the Monte Carlo (MC) stream as described below (Sect. 3.2).
3
Experimental technique
The DELPHI detector
The DELPHI detector is described in detail in [27, 28] . The following is a brief description of the subdetector units relevant for this analysis: the main tracker of the DELPHI detector, the Time Projection Chamber (TPC), the barrel electromagnetic calorimeter, the High density Projection Chamber (HPC), and the hadronic calorimeter (HCAL)
In the DELPHI reference frame the z axis is taken along the direction of the e − beam. The angle Θ is the polar angle defined with respect to the z-axis, Φ is the azimuthal angle around this axis and R is the distance from this axis.
The TPC covered the angular range from 20
• to 160
• in Θ and extended from 30 cm to 122 cm in R. It provided up to 16 space points for pattern recognition and ionization information extracted from 192 wires. The momentum threshold for charged particles entering the TPC was approximately 100 MeV/c.
The HPC was used for the detection of high energy photons, which originate in hadronic events mainly from the decays of neutral pions. The HPC lay immediately outside the tracking detectors and covered the angles Θ from 43
• to 137
• . It had eighteen radiation lengths for perpendicular incidence, and its energy resolution was ∆E/E = 0.31/E 0.44 ⊕ 0.027 where E is in units of GeV [29] . It had a high granularity and provided a sampling of shower energies from nine layers in depth. The angular precisions for high energy photons were ±1.0 mrad in Θ and ±1.7 mrad in Φ.
The HCAL was installed in the return yoke of the DELPHI solenoid and provided a relative precision on the measured energy of ∆E/E = 1.12/ √ E ⊕ 0.21. It was used for the detection of K 0 L 's and neutrons.
Monte Carlo generators
The principal Monte Carlo data sets used in this analysis were produced with the JETSET 7.3 PS generator [2] [3] [4] , based on the LUND string model [30] , with parameters adjusted according to previous QCD studies [31] [32] [33] . For the test of possible systematic 4 biases, another standard generator, ARIADNE 4.6 [5] with parameters adjusted by the DELPHI tuning [33] was also used 2 . No generation of bremsstrahlung photons from the final state hadrons was implemented in these MC generators. On the other hand, initial state radiation and photon radiation from quarks of Z 0 disintegrations calculated with the photon implementation in JETSET [26] were involved in all the generations.
The generated events were fed into the DELPHI detector simulation program DELSIM [28] in order to produce data which are as close as possible to the real raw data. These data were then treated by the reconstruction and analysis programs in exactly the same way as the real data.
In order to evaluate the contamination from the Z 0 → τ + τ − channel MC events produced with the KORALZ 4.0 generator [34] and passed through a full detector simulation and the analysis procedure were used.
Finally, the generator DYMU3 [35, 36] was used to check the applicability of formula (2) in our kinematic region, see Sect. 6.3.
Detection of soft photons
The experimental technique employed for the detection of soft photons in this analysis was the same as in [1] , based on the reconstruction of the photons converted in front of the TPC. The following is a brief description of the method implemented for the photon reconstruction and main characteristics of the detected photons obtained with it.
The photon conversions were reconstructed by an algorithm that examined tracks reconstructed in the TPC. A search was made along each TPC track for the point where the tangent of its trajectory points directly to the beam spot in the RΦ projection. Under the assumption that the opening angle of the electron-positron pair is zero, this point represented a possible photon conversion position at radius R. All tracks which had a solution R that was more than one standard deviation away from the primary vertex, as defined by the beam spot, were considered to be conversion candidates. If two oppositely charged conversion candidates were found with compatible conversion point parameters they were linked together to form the converted photon. The following selection criteria were imposed:
• the Φ difference between the two conversion points was at most 30 mrad;
• the difference between the polar angles Θ of the two tracks was at most 15 mrad;
• at least one of the tracks should have no associated hits in front of the reconstructed mean conversion radius.
For the pairs fulfilling these criteria a χ 2 was calculated from ∆Θ, ∆Φ and the difference of the reconstructed conversion radii ∆R in order to find the best combinations in cases where there were ambiguous associations. A constrained fit was then applied to the electron-positron pair candidate which forced a common conversion point with zero opening angle and collinearity between the momentum sum and the line from the beam spot to the conversion point.
The quality of the photon reconstruction in both, the real data (RD) and MC events, the latter being produced as described in Sect. 3.2, was high, as can be judged comparing π 0 peaks in the RD and MC γ − γ mass distributions obtained with converted photons and shown in Fig. 8 of [1] . The almost precise identity of these peaks, together with their widths of less than 5 MeV/c 2 , demonstrate that the detection and analysis procedures of the converted photons in the DELPHI detector are well understood; this statement is supported also by the results of the DELPHI papers [29, 37] , in which the converted photons were involved in the analysis.
Selection of photons for this analysis was done under the following cuts:
• ; • 5 cm ≤ R conv ≤ 50 cm, where R conv is the conversion radius;
The photon detection efficiency, i.e. conversion probability combined with the reconstruction efficiency, was determined with the MC events and parameterized against two variables. The first variable, E γ , was used to describe a fast variation of the efficiency within the energy range under study, from almost zero at 0.2 GeV up to 5 -6% at 1 GeV (a typical behaviour of the efficiency with E γ can be seen in Fig. 1 of paper [1] ). For interpolation of the efficiency, it was fitted by a 2nd order polynomial or by the form
2)] with a χ 2 /n.d.f. close to 1 in both cases; the difference in the corrected photon rates obtained with the two interpolation curves was about 2%.
The second variable of the efficiency parameterization is related to the jet characteristic under investigation, i.e. the efficiencies were determined separately in every bin of the jet parameter under study. The weak dependences of the photon detection efficiency on several additional variables treated in [1] (the photon polar angle to the beam, Θ γ , the photon polar angle to the parent jet axis, θ γ , etc.) were decided to be averaged over in this analysis.
The validity of the efficiency finding can be considered as confirmed by the results of DELPHI paper [22] in which the inner bremsstrahlung off muons from Z 0 dimuon decays was studied by applying the efficiencies obtained as described above, and the photon signal was found to be in good agreement with the theoretical expectations. More generally, the muon inner bremsstrahlung study [22] , being carried out with the same methods of photon detection and analysis as in the current study, gives them further credibility.
The accuracy of the converted photon energy measurement was about ±1.6% in the given kinematic range, as follows from the MC studies. This estimate was confirmed by extracting the photon energy resolution from the widths of π 0 peaks in the RD and MC γ − γ mass distributions obtained with converted photons as shown in Fig. 8 of [1] .
The angular precision of the photon direction reconstruction was determined with the MC data and was found to be of a Breit-Wigner shape, as expected for the superposition of many Gaussian distributions of varying width [38] . The full widths (Γ's) of the ∆Θ γ and ∆Φ γ distributions were 4 and 5 mrad, respectively (for details see [1] ).
Data selection
Events involving the hadronic decays of the Z 0 from the DELPHI data of the 1992 to 1995 running periods were used in this analysis.
Selection of the hadronic events was standard, based on large event charged multiplicity (N evt ch ≥ 5) and high visible energy (E vis ≥ 0.2E cm ). In addition, the condition | cos Θ thrust | < 0.95 was imposed, where Θ thrust is the angle between the thrust axis and the beam direction. These criteria correspond to an efficiency of (95.2 ± 0.2)%. with a general Z 0 → τ + τ − contamination of (0.5 ± 0.1)%. The apparently low τ background is concentrated in small multiplicity events and may contaminate essentially the low jet 6 multiplicity samples. Therefore a further suppression of the τ events has been achieved as described below.
First, the electron and muon anti-tagging was applied to the events of low multiplicity, defined as having N evt ch ≤ 7. This method decreased the τ τ background by 25%. Then two additional selections aimed at the τ τ events suppression were implemented. The first one required that the jet masses in the low multiplicity events exceeded 2 GeV/c 2 , with an exception for the jets having two or less charged particles: for such jets the lower mass cut was weakened, being at 1 GeV/c 2 . The second τ τ rejection method was based on the impact parameter analysis using the fact that the fraction of τ τ events with N evt ch ≥ 5 (i.e. surpassing the minimal N evt ch multiplicity cut described above) is dominated by the τ hadronic decays containing at least one secondary interaction of the decay products which increases the originally low τ τ event multiplicity. This leads to a considerably increased value of the sum of the track impact parameters in the RΦ projection in the τ τ events as compared to hadronic events of the same multiplicity. Thus, only those small multiplicity events were selected in which the sum of the impact parameters in the RΦ projection over all charged particle tracks was below 1 cm (an analogous cut on the sum of the z projection impact parameters was found to be ineffective for further τ τ background suppression). Together with the electron and muon anti-tagging these selections resulted in additional τ τ background suppression by a factor of 5.9, while keeping the hadronic event efficiency at the level of (94.7 ± 0.2)%. The differential rates of photons from the τ τ background (in the bins of the jet multiplicity variables defined in Sec. 5) will be given below, in the analysis section. It should be noted, that being deduced from τ τ MC events they can be underestimated (by an unknown factor, not exceeding however 1.1-1.6 as follows from our special study of τ τ events), if anomalous soft photons are produced in the hadronic tau decays also.
A total of 3 435 173 events of real data was selected under these cuts and compared to 12.1 × 10 6 MC events, produced as described in Sect. 3.2, selected under the same criteria as the RD, and properly distributed over all the running periods.
Jets were reconstructed using the detected charged and neutral particles of the event, the charged particles being selected by applying the following criteria:
• impact parameters below 4 and 10 cm in the RΦ and z projections, respectively.
The neutral particles were taken within the geometrical acceptances of the subdetectors in which they were reconstructed, within the selection criteria of the appropriate subdetector pattern recognition codes [27, 28] , without additional cuts. This effectively means that the detection threshold was about 400 MeV.
To reconstruct jets, the LUCLUS code [39] [40] [41] with a fixed resolution parameter d join = 3 GeV/c was used. Only jets containing no identified electrons (positrons) and satisfying the condition 30
• ≤ Θ jet ≤ 150
• were taken for the analysis. The minimum jet momentum was required to be 5 GeV/c.
Photons were selected using the cuts described in Sect. 3.3. A total of 694 530 converted photons was selected in the RD and 2 368 641 converted photons in the MC. 
Signal definition
As representatives of the photon rates the distributions of the p T , the photon transverse momentum with respect to the jet direction, corrected for the detection efficiency were chosen (as mentioned above, only photons within the energy range of 0.2 − 1 GeV are considered). To quantify the excess, the difference of the rates between the RD and MC (the latter being normalized to the statistics of the RD events and corrected by the recalibration procedure, see [1] and Sect. 6.2.2 of this work) was integrated in the p T interval from 0 to 80 MeV/c and the value obtained was defined as a signal.
Jet momentum
The jet momentum, p jet , is defined as the vector sum of 3-momenta of all charged and neutral particles belonging to a given jet. The distributions of this variable obtained with both, the real and the MC data, are shown in Fig. 1a . Due to uncertainties in the determination of the jet constituent momenta and lost particles, this variable is not accurately measured (which can be seen also from Fig. 1a , with the distributions showing the maximum at 40 GeV/c, shifted from the expected value of 45.6 GeV/c, and a tail extending up to 60 GeV/c). In order to evaluate the accuracy of the jet momentum reconstruction a comparison of the p jet composed of the measured particle momenta with the vector sum of momenta of the generated particles (i.e. before transporting them through the detector), assigned to a given jet, was done using the MC data. The assignment procedure was the following.
First, only stable and quasi-stable particles (π
, and muons) were selected among the generated charged particles, the selection cut (200 MeV/c) being applied to them, similarly to the detected charged particles (see Sect. 4). Analogously, among the generated neutral particles only photons, K 0 L 's and neutrons were selected, imposing a cut at 400 MeV/c. Then for every selected generated particle a loop on jets (found by LUCLUS with detected particles) was organized, calculating the generated particle opening angle to the jet axis. A generated particle has been assigned to that jet to which its opening angle was minimal. Note, this assignment procedure was also applied when defining, at the generator level, all the analysis variables described below.
The scatter plot of the reconstructed jet momenta, p jet , versus jet momenta at the generator level determined via the procedure described above is shown in Fig. 2a . It is seen that the plot is dominated by the main diagonal (which corresponds to the equality of the generated and measured jet momenta) up to about 30 GeV/c where the accumulation of events near the diagonal starts to spread (note, the measured jet momenta exceeding p max = 0.5E cm /c were reduced to that value in the plot, as well as in the analysis in general). The spread defined the bin size in the momentum variable employed in this work, chosen to be 5 GeV/c. To supply further information on the momentum bias, the mean values of the reconstructed and generated momentum distributions in the individual p jet bins are given in Table 1 of the analysis section.
Closely related to the jet momentum, p jet , is the jet energy E jet , which can be defined as the sum of the energies of jet particles (assuming pion masses for them). This variable will not be used as an independent one, entering however into the definitions of other variables, the jet mass and hardness, see Sect. 5. 6 .
In what follows, all the jet variables (with one exception for the hardness κ J ) will be defined for jets having momenta p jet > 20 GeV/c (for the motivation of this cut see Sect. 7.1).
Jet charged multiplicity
The jet charged multiplicity, N ch , is defined as the number of charged particles measured in the DELPHI tracking system, as described in more detail in [28] , with the tracks satisfying the selection criteria listed in Sect. 4 and pertaining to a given jet. The distributions of this variable for the RD and MC are shown in Fig. 1b . At the generator level, the jet charged multiplicity, N gen ch , is defined as the number of stable charged particles produced in the primary fragmentation or in the decays of particles with lifetimes shorter than 3 × 10 −10 s which belong to a given jet. In particular, the charged particles from K 0 s and Λ decays were included in the N gen ch , irrespectively of how far from the interaction point the decay occurred, while the charged particles from K 0 L decay were not. As in the previous case, with the jet momenta, one faces the problem of associating an observed charged multiplicity of a jet N ch to the "true" one. Usually this problem is solved by making use of the multiplicity corrections with a matrix P (j, i), whose elements, defined with the MC data, are the probabilities of a jet with observed charged multiplicity j to have a "true" charged multiplicity i (the latter being determined via an assignment procedure analogous to that described in the previous section, this time for the generated charged particles only). Then the observed multiplicity is corrected accordingly to these probabilities. This method reproduces perfectly the distributions of the jet multiplicities, but being purely probabilistic it is not applicable when the jet multiplicity has to be used as an argument on a jet-by-jet basis. This requires a special consideration of the problem.
The effect of the multiplicity migration is illustrated by Fig. 2b where the scatter plot of the reconstructed jet N ch multiplicity versus the jet charged multiplicity at the generator level is displayed. It shows the following features: the cells on the main diagonal are the most populated; non-diagonal elements are almost symmetric with respect to the diagonal, though some small prevalence of the under-diagonal terms relative to the abovediagonal ones can be seen, which corresponds to track losses. In order to keep the N ch systematic bias transparent, columns with the generated charged multiplicity mean values and their r.m.s. are given in Table 2 below to be compared with the N ch . It can be seen that the bias of the N ch variable is always comparable to (generally, smaller than) the N ch half bin widths employed, and therefore it was considered to be admissible in the current study. The validity of this assumption was tested when the main results of a given analysis were obtained and used to model the effect of the photon rate bias due to multiplicity migration, with the effect being found to be negligible.
Jet neutral particle multiplicity
The term "neutral particle" specifies a neutral hadron satisfying the selection criteria described below. The criteria are aimed at counting neutral hadrons (which are π 0 's mainly) using the DELPHI electromagnetic calorimeter (HPC) and converted photons. Also the DELPHI hadron calorimeter (HCAL) was used to detect a small fraction of K 0 L 's and neutrons (antineutrons). The detected neutral showers (the showers which cannot be associated to any charged particle track) and converted photons were treated in the following way: • HPC showers with the energy within the range from 1 to 6 GeV were considered as photons; • HPC showers with the energy exceeding 6 GeV were considered as π 0 's; • converted photons were collected if their energy exceeded 1 GeV;
• HCAL showers were collected if their energy exceeded 2 GeV, and were considered as particles.
The jet neutral particle multiplicity, N neu , has been defined then as the number of its neutral particles, each photon being treated as a half-particle, a π 0 constituent (in the case of half-integer N neu values, they were promoted to the next integers; it was tested that the effect of the π 0 overcounting due to ISR and π 0 photons entering different jets induced by this convention is negligible). For most of the events this effectively means that the neutral particle lower energy cut is 2 GeV. The distributions of the N neu , selected in such a way, are shown in Fig. 1c .
The same criteria were applied to the generated neutral particles. In particular, the photons from neutral pion decays were required to be within the HPC acceptance and to satisfy the energy cuts described above in order for the pion to be counted as a generated neutral particle.
The scatter plot of the reconstructed jet N neu multiplicity versus the jet neutral multiplicity at the generator level is displayed in Fig. 2c . It shows features similar to those of the N ch plot: the prevalence of the main diagonal elements and approximate symmetry of the non-diagonal elements with respect to the diagonal.
In order to keep the N neu systematic bias transparent, columns with the generated neutral multiplicity mean values and their r.m.s. are given in Table 3 below.
Jet total particle multiplicity
The term "total particle multiplicity" (or simply "particle multiplicity"), N par , denotes the sum of charged and neutral particles (as defined in the previous sections),
and analogously for the multiplicities at the generator level. The distributions of the N par are shown in Fig. 1d .
The scatter plot of the reconstructed jet N par versus the jet particle multiplicity at the generator level is shown in Fig. 2d . Mean values of the generated particle multiplicities and their r.m.s. are given in Table 4 below.
Jet mass and hardness
The jet mass is defined as
The distributions of this variable are shown in Fig. 1e . The scatter plot of the reconstructed jet mass M jet versus the mass at the generator level is shown in Fig. 3a .
The jet energy enters also in the variable which characterizes the hardness of the process producing the jet [42, 43] , κ J , which is defined as follows:
where α is the angle to the closest jet. This variable corresponds to the beam energy in two-jet events without lost particles. In general, κ J depends on the topology of the event. Theoretical [42, 43] and experimental [44, 45] studies of hadron production in processes with non-trivial topology have shown that characteristics of the parton cascade depend essentially on this variable. Therefore it was involved in the current analysis, restricting however this particular study to multi-jet (three or more jets) events. A sample of 2 192 644 such events was selected out of the total sample. The distributions of the κ J variable for these events are shown in Fig. 1f .
The scatter plot of the reconstructed κ J for jets with momenta p jet > 5 GeV/c versus this variable at the generator level is shown in Fig. 3b .
Jet core characteristics 5.7.1 Jet core net charge
The jet net charge, Q net , is defined as the algebraic sum of the charges of the jet charged particles. Two kinds of jet net charges were tried, as described in the next two paragraphs, respectively.
The first one was the "raw" jet net charge, with all the jet particles involved. No significant dependence of the soft photon production on this variable was found. Moreover, it has been known for a long time [46] that this variable is ill-defined since it fluctuates significantly depending on whether a positive (negative) soft particle is added to the jet or not. Therefore we leave it out of the presentation of the results.
A more tractable quantity is the jet "core" net charge, which was constructed with those particles only, which had momenta exceeding 2 GeV/c and were confined within a cone of 100 mrad half-angle to the jet axis. The distributions of this variable are shown in Fig. 1g . The scatter plot of the reconstructed jet core Q net versus this variable at the generator level is shown in Fig. 3c . It shows a good diagonal structure.
In what follows, the absolute values of the core Q net will be used as the corresponding net charge.
Jet core charged multiplicity
The jet core charged multiplicity, core n ch , was defined under the same conditions as the previous variable, i.e. it is the number of jet charged particles having momenta exceeding 2 GeV/c and confined within a cone of 100 mrad half-angle to the jet axis. The distributions of this variable are shown in Fig. 1h . The scatter plot of the reconstructed jet core n ch versus this variable at the generator level is shown in Fig. 3d . It shows a good diagonal structure.
6 Treatment of systematic errors
General remarks
In this section the treatment of systematic errors of the photon rates is described. First the systematic uncertainties in the determination of the signal are defined and then those in the bremsstrahlung predictions. The former can be subdivided into the uncertainties originating from the systematic effects biasing the MC distributions with respect to the RD ones (described in Sects. 6.2.1, 6.2.2 below) and the uncertainties common for both data sets (originating from the efficiency corrections, Sect. 6.2.3).
Before going into details of systematic error estimates an important remark on the global values of systematic effects, which might stem from an excess of soft π 0 's and photons from their decays in the real data as compared to the MC, has to be made. These effects were tested in [1] by several methods and were found to be satisfactorily small. In particular, the test invoking almost precise SU(2) symmetry of the strong interactions in order to use charged pions from hadronic decays of Z 0 for evaluation of the possible difference in production rates of neutral pions and, consequently, soft photons in the RD and MC, is described in Sect. 6.2 of [1] . With this test the expectations for the systematic bias of the photon rates in the RD and MC in the signal kinematic range were found to be below 10% of the signal.
Another test, described in Sect. 6.3 of [1] , involved the direct comparison of π 0 production in the RD and MC. The upper limit for the systematic bias of the converted soft photon RD to MC ratio obtained from this test was below 20% of the signal at 90% CL. Thus, the two tests agree and suggest that there is no substantial systematic effect due to the modelling and reconstruction of soft photons from π 0 decay. The methods of the estimation of systematic uncertainties in the determination of the signal in individual bins of the variables under study are described below.
6.2 Systematic uncertainties in the determination of the signal
Event generator systematics
This type of systematic effect arises mainly due to an improper reproduction of the experimental spectra of photons by the MC event generator, being a result of the modelling of the fragmentation process, i.e. parton shower and string hadronization as implemented in [2] [3] [4] . Another generator systematic bias which can be induced by an inadequate representation of the full set of unstable hadrons decaying radiatively (other than π 0 's) at the final stage of the hadronization mechanism was carefully studied in [1] , and its uncertainty was shown to be small as compared to other components of the systematics; thus it will be neglected in this study.
The systematic errors due to the JETSET fragmentation model and its tuning were estimated in two steps. First, the MC data produced with three different tunings described in [31] [32] [33] were analyzed separately in order to extract the systematic error due to the generator tuning. Comparing the photon spectra in the individual bins of variables under study listed in the previous section, this component of the systematic error was determined for every bin of the variables as the r.m.s. of the soft photon rates in the p T < 80 MeV/c region.
Then the MC data produced with ARIADNE were studied. Comparing the photon spectra produced with this generator to those of JETSET, the systematic uncertainties due to the generator model for the rate of soft photons of p T < 80 MeV/c were evaluated for each bin of the variables under study as half the difference between the JETSET and ARIADNE rates.
The typical individual bin systematic error due to the generator was found to be at the level of about (15 -25)% of the signal, the main contribution to this error coming from the generator model component.
Detector systematics
This type of systematic effect (called hardware systematics in [1] ) is related to biases in the simulation of the detector and experimental conditions in the MC stream, i.e. those which appear when transporting MC photons through the DELPHI setup and reconstructing them (after conversion in the DELPHI setup material) from hits simulated in the TPC. These features have been extensively studied in [1] , and a recalibration procedure was elaborated in order to reduce this bias. It used wide angle photons, θ γ > 200 mrad (keeping the E γ < 1 GeV), for which the signal of the direct soft photons was assumed to be zero, to re-normalize the material distribution along the photon path in the simulation, and to account for possible differences in reconstruction of converted photons from the TPC hits along e + e − tracks in the MC and RD. The recalibration was applied to each individual bin of the variables described in Sect. 5. Varying the recalibration parameters and the MC data samples, the resulting detector systematic errors for the signal were found to be at the level of about 10% of the signal (on average) after the recalibration.
Systematic errors due to efficiency corrections
The systematic errors due to the method of implementation of the efficiency correction in the photon p T range below 80 MeV/c were determined individually for every bin of the variables under current study from the MC data and consisted of two components. The first one, induced by an interpolation method, is described in Sect. 3.3. The second component of this error is a purely instrumental effect originating from the conversion method resolution in energy and the efficiency binning over this variable. It was estimated by comparing the photon p T distributions taken at the output of the event generator to the analogous distributions of the photons (after they had been transported through the DELPHI detector by DELSIM with a subsequent simulation of their conversions) corrected for efficiency. Both components of the systematic error under discussion were combined in quadrature, resulting in a typical value of the individual bin errors induced by efficiency corrections to be at the level of about 6% of the signal.
These errors were summed quadratically with other components of the signal systematic error described above, thus giving the overall systematic uncertainty in the finding of the signal. However, due to strong bin-to-bin correlations of the systematic errors we will not use them in what follows when fitting signal dependence curves.
Systematic uncertainty of the bremsstrahlung predictions
The systematic uncertainty for the bremsstrahlung predictions resulting from formula (2) was estimated by comparing the ISR rates obtained with this formula and those delivered by the DYMU3 generator in the photon p T range (defined to the beam direction) below 80 MeV/c, as the difference between the predictions. This difference was about 4%, and it was taken as the systematic error for the bremsstrahlung predictions.
This value was found to be close to the difference in predictions for the inner hadronic bremsstrahlung rate obtained with formula (2), and those calculated taking into account the higher order radiative corrections, by the use of an exponentiated photon spectrum [23] . When doing these calculations, the β which governs the bremsstrahlung photon spectrum was obtained by integration of formula (3) in [23] applying the p T cut imposed by the signal definition, p T < 0.08 GeV/c, i.e. within a rather narrow angular range varying as a function of the photon energy according to the aforementioned cut. The β values were found to be 0.0106 and 0.0135 with the minimum jet momentum cut at 5 and 20 GeV/c, respectively, which would lead in both cases to less than 6% difference between formula (2) and exponentiation method predictions.
Another component of the bremsstrahlung prediction error originating from the uncertainties in the charged particle spectra coming from the event generator was determined in [1] to be 5% by varying JETSET tunings and comparison with ARIADNE. 13 
Results of the analysis
Throughout this section the dependences of the direct soft photon production on the jet variables will be considered in comparison with those of the inner hadronic bremsstrahlung (often referring to these dependences as to the signal and bremsstrahlung behaviour). The overall excess factor of about four over the bremsstrahlung, which can be easily seen in all the tables and plots below, will be taken for granted in the following, even when not explicitly mentioned.
Signal dependence on jet momentum
The distribution of the signal rate against the jet momentum is tabulated in Table 1 and plotted in Fig. 4 (left panel) , together with the corresponding predictions for the inner hadronic bremsstrahlung rates. In this figure (as well as in the following ones) the inner vertical bars represent the statistical errors, while the whole vertical bars give the statistical and systematic errors combined in quadrature. The inner hadronic bremsstrahlung predictions are shown in the figure by triangles 3 . As can be seen from the figure, the signal rate first increases with the jet momentum, similarly to the predicted bremsstrahlung rate, then it stops increasing, within the errors, at jet momenta about 20 GeV/c. The bremsstrahlung rate also shows a tendency to a saturation with the momentum increase. The curve fitting the bremsstrahlung points is a polynomial of the 2nd order. The same curve scaled by a factor of 3.9 is drawn through the signal points. It describes them well. The ratio of the signal rate to that of the predicted bremsstrahlung is displayed in the right panel of Fig. 4 showing a uniform distribution. In what follows, only jets with momenta exceeding 20 GeV/c will be taken for the analysis (with one exception for the hardness variable, κ J ). Though general tendencies of the signal behaviour with and without this cut are similar, the cut is made in order to separate the momentum and other variable dependences, making use of the weakness of the photon production rate dependence on the jet momenta at p jet ≥ 20 GeV/c as noticed in the previous paragraph. The integral production rate of direct soft photons obtained with this cut is (86.3 ± 4.1 ± 19.5) × 10 −3 γ/jet, while the calculated bremsstrahlung rate is (21.70 ± 0.02 ± 1.39) × 10 −3 γ/jet. This can be compared to the photon rates obtained without momentum cut, (69.1 ± 4.5 ± 15.7) × 10 −3 γ/jet for the signal and (17.10 ± 0.01 ± 1.21) × 10 −3 γ/jet for the inner hadronic bremsstrahlung, which were reported in [1] .
Signal dependence on jet charged multiplicity
The signal dependence on the jet charged multiplicity, as defined in Sect. 5.3, is tabulated in Table 2 and displayed in Fig. 5 . As found with the MC τ + τ − events, the τ channel contaminations (as a fraction of the signal rates in the corresponding bins) in this distribution are:
• (0.3 ± 0.1)% in the N ch = 0 − 2 bin; • (0.1 ± 0.1)% in the N ch = 3, 4 bin; • (0.3 ± 0.1)% in the N ch = 5 bin; • < 0.2% (at 95% CL) in subsequent bins.
As can be seen from Fig. 5 , the observed signal rate dependence follows in general, by a scale factor of about 4, that of the hadronic bremsstrahlung, though there is some excess in the first N ch bin. The curve fitting the bremsstrahlung points in the left panel of Fig. 5 is a 2nd order polynomial. The same curve scaled by a factor of 4 is drawn through the signal points. It describes them satisfactorily, except perhaps the first point. A similar conclusion can be drawn from the plot in the right panel of Fig. 5 in which the ratio of the signal and predicted bremsstrahlung rates is displayed.
Note the muon bremsstrahlung point (an asterisk at the position N ch = 1) in the right panel of Fig. 5 . It is placed there using the results of the paper [22] in which a good agreement of the observed inner bremsstrahlung from muons of dimuon events of Z 0 decays with the QED predictions is reported: the ratio of the observed direct soft photon production rate to the predicted level of the muon inner bremsstrahlung was found in [22] to be 1.06 ± 0.13 ± 0.06. This defined the ordinate of the muon point on the plot. Table 2 . The dependence of direct soft photon rates on the jet charged multiplicity. 
Signal dependence on jet neutral particle multiplicity
The signal dependence on the jet neutral multiplicity, as defined in Sect. 5.4, is tabulated in Table 3 and shown in Fig. 6 .
The contamination from Z 0 → τ + τ − events in the various N neu bins was found to be (as a fraction of the signal rates in the corresponding bins):
• (1.3 ± 0.3)% in the N neu = 0 bin; • (0.4 ± 0.1)% in the N neu = 1 bin; • (0.2 ± 0.1)% in the N neu = 2 bin; • < 0.2% (at 95% CL) in subsequent bins. Table 3 . The dependence of direct soft photon rates on the jet neutral multiplicity. As can be seen from Fig. 6 , the signal behaviour differs drastically from that of the inner hadronic bremsstrahlung predictions. A possible interpretation of this difference will be given in Sect. 8, when considering various theoretical approaches to the problem of the soft photon excess in reactions of multiple hadron production.
Signal dependence on the jet total particle multiplicity
The signal dependence on the jet particle multiplicity is given in Table 4 and shown in Fig. 7 . The contamination from Z 0 → τ + τ − events in the various particle multiplicity bins was found to be (as a fraction of the signal rates in the corresponding bins):
• (0.7 ± 0.2)% in the N par = 1 − 4 bin; • (0.3 ± 0.1)% in the N par = 5, 6 bin; • (0.2 ± 0.1)% in the N par = 7 bin; • (0.6 ± 0.1)% in the N par = 8 bin;
• (0.9 ± 0.1)% in the N par = 9 bin; • < 0.1% (at 95% CL) in subsequent bins.
As can be seen from Fig. 7 , the signal behaviour differs from that of the predicted bremsstrahlung, similarly to the previous case. The discussion of this difference is given in Sect. 8. Here we note only that the signal distribution can be fitted satisfactorily by a straight line passing through the origin of the coordinate system, as shown in the left panel of Fig. 7 . 
Signal rates in the 2-dimensional distribution N ch vs N neu
Due to SU(2) symmetry of the strong interactions and/or selection cuts, the variables N ch and N neu can be correlated. In order to disentangle the signal rate dependences on these variables, the two-dimensional signal distribution as a function of the N ch and N neu was studied. When doing this, the range of the jet polar angles Θ jet to the beam was restricted to the interval of 50
• ≤ Θ jet ≤ 130
• . This restriction equalizes, practically, the angular acceptances for the charged and neutral particles, the latter being mainly π 0 's detected by the HPC via their decay photons. This equalization is important when comparing quantitatively the photon rate dependences on the above variables. For the same reason (to equalize detection efficiencies for charged and neutral particles) a lower momentum cut at 2 GeV/c was introduced when calculating the charged particle multiplicity for this particular analysis.
The signal rates obtained with this selection are given as a two-dimensional distribution presented in Table 5 4 . The distribution was fitted by the simplest possible form R = a 1 N ch + a 2 N neu with a reasonable value of the reduced χ 2 close to 1 (the statistical errors only being used in the fit). The values of the fitted rates are given in the last column of Table 5 . The linear dependence coefficients a 1 and a 2 obtained with the fit are (6.9 ± 1.8 ± 1.8) × 10 −3 γ/jet and (37.7 ± 3.0 ± 3.6) × 10 −3 γ/jet, respectively. The first errors of these values are the fit parameter errors based on the statistical errors of the signal rates. The second errors represent the fit parameter changes obtained by adding to the signal rate central values their systematic errors taken randomly accordingly to a Gaussian distribution, and repeating this procedure many times to find at the end the r.m.s. of the fit parameters; in this way a propagation of the systematic uncertainties of the rates to those of the fit parameters was performed.
A straightforward conclusion which can be drawn from the difference of the two coefficients is that the dependence of the signal rates on the jet neutral multiplicity is a factor of 5.4 ± 1.4 ± 1.5 stronger than the dependence on the charged multiplicity 5 . A possible interpretation of this difference is suggested in Sect. 8. 
Signal dependence on jet mass and hardness
The dependence of the signal rate on the jet mass is given in Table 6 and shown in Fig. 8 . As can be seen from the figure, both the signal and the predicted bremsstrahlung rates behave similarly, depending rather weakly on this jet characteristic. Thus the jet mass turns out to be not a very suitable variable to use for the direct soft photon production rate parameterization. Nevertheless, the observed behaviour of the production rates against this variable (the rate flatness) can supply useful information when comparing the various soft photon production models discussed in Sect. 8. Table 6 . The dependence of direct soft photon rates on the jet mass. Let us turn now to the hardness variable treated in multi-jet events. As mentioned in Sect. 5.2, the jet momentum cut at 20 GeV/c was not applied when selecting jets for this particular analysis since the motivation for this cut is not justified in the given case. The integral production rate of direct soft photons obtained with these events is (63.7 ± 4.0 ± 13.9) × 10 −3 γ/jet, while the calculated hadron bremsstrahlung rate is predicted to be (15.80 ± 0.01 ± 1.01) × 10 −3 γ/jet. The observed photon rates (see Table 7 and Fig. 9) show a fast increase with κ J in the first bins of this variable, followed by a saturation effect above 20 GeV, and they can be fitted satisfactorily by the bremsstrahlung curve scaled by a factor of 4. This means that the observability of a dependence of the direct soft photon production on the hardness, which might differ from the analogous dependence of the hadron bremsstrahlung, is below the sensitivity of our approach.
Very similar results were obtained with 2-jet events included in the analysis. Table 7 . The dependence of direct soft photon rates on the hardness of the process producing the jet, κ J . 
Signal dependence on the jet core characteristics
The dependences of the signal rate on the jet core net charge and the jet core charged multiplicity are given in Tables 8,9 and shown in Fig. 10 .
There is a weak dependence (if any) of the signal rate on jet core net charge, while the inner hadronic bremsstrahlung is predicted to grow considerably with it (this prediction follows from the coherent nature of the standard hadronic bremsstrahlung and makes this variable rather interesting from the point of view of distinguishing different models of the anomalous soft photon production considered in Sect. 8). Table 8 . The dependence of direct soft photon rates on the jet core net charge.
The linear fit of the bremsstrahlung points results in the slope of the bremsstrahlung dependence on the jet core net charge to be (4.66 ± 0.04) × 10 −3 γ/jet (see solid line in the left upper panel of Fig. 10) ; an analogous fit of the signal points (the dashed line in the same panel) gives the value of (7.6±5.4)×10 −3 γ/jet for the slope. Had the signal the same behaviour against this variable as the bremsstrahlung has (scaled simply by a factor of 4), a slope of 18.6 × 10 −3 γ/jet would be expected. Thus, there is a tendency for the signal dependence on the jet core net charge to deviate from the bremsstrahlung behaviour. However, the deviation is not significant (about two standard deviations) and does not allow a conclusion about an essential difference in the dependences of the signal and the bremsstrahlung rates on this variable to be drawn. Nevertheless, a stronger variation (proportional to the net charge squared) which can be assumed for the signal in collective models of the radiation (considered below, Sect. 8.2) can be restricted. An upper limit of 27% of the signal for the quadratic component of the jet core net charge dependence was obtained at 95% CL. This upper limit was calculated by adding a quadratic term to the fit of the dependence, which used a (varied) constant term together with the fixed bremsstrahlung contribution, and increasing the quadratic term yield from zero until the total χ 2 increases by 3.84, the 95% confidence level for the fit with a single degree of freedom.
The dependence of the direct soft photon production rate on the jet core charged multiplicity has apparently a non-trivial behaviour, decreasing with the core n ch increase, and getting closer to the bremsstrahlung predictions at higher core n ch . This behaviour clearly differs from the signal dependence on the N ch multiplicity presented in Table 5 (such a comparison seems to be most suitable since the cuts on the lower charged particle momenta are identical in both cases). Nevertheless, there is a significant difference between the two selections: in the latter case the selection of charged particles was done with the neutral multiplicity being kept fixed at a certain value, while in the former case it was allowed to vary freely. In particular, the averaged N neu multiplicity decreases from the value of 2.6 (with the r.m.s. of 1.2) in the bin with the core n ch = 0 to the value of 1.7 (with the r.m.s. of 1.1) in the last n ch bin. This anti-correlation, induced mainly by the p jet ≥ 20 GeV/c cut (roughly speaking, the smaller is the core n ch , the larger should be N neu in order to satisfy this cut), can be seen in Fig. 1i , where the plot of N neu vs core n ch is given. Since the N neu multiplicity appears to be a variable which governs the soft photon production in hadronic decays of the Z 0 , this anti-correlation may be responsible for the reduction of the photon rates with increasing core n ch . However it is difficult to make a final conclusion on this behaviour until a theoretical description of the observed anomalous soft photon production will become available. Table 9 . The dependence of direct soft photon rates on the jet core charged multiplicity.
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General remarks
What is the source of the direct soft photon signal in hadronic decays of the Z 0 , which exceeds the level of hadronic bremsstrahlung predictions by a factor of four? Certainly, 25% of the signal can be attributed to the bremsstrahlung itself 6 . Can the rest of the signal be explained by an imperfectness of the standard event generators, used in the analysis, which leads to a huge underestimation of the production of soft photons (and may be soft gluons also) in the fragmentation process, or, at least, by an imperfectness of the photon implementations [26, 47, 48] in the generators? In principle, such a possibility is not excluded. However, it looks quite improbable [49] [50] [51] , unless new physical effects will be introduced to the generator algorithms. In this section we shall review in brief the general features of theoretical models proposed for the explanation of the soft photon excess in reactions of multiple hadron production, and consider their compatibility with the signal behaviour reported in this work.
The prominent difference of this behaviour from the bremsstrahlung one, seen in Figs. 6,7, demonstrates that the direct soft photon production in hadronic decays of the Z 0 depends not only on the charged hadrons produced, as it would be for the inner hadronic bremsstrahlung, but certainly on the neutral hadrons too. Since the direct coupling of photons to neutral particles (e.g. via magnetic moment) is quite weak, this means that the excess photons under study are coupled either to the individual quarks and/or quark-antiquark pairs constituting a parton shower, or via some collective effect (for example, one of those mentioned in [52] ) to a jet as a whole.
The first assumption may enter in an apparent conflict with the expected damping of the soft photon radiation due to coherent effects known as the Landau−Pomeranchuk− Migdal suppression (LPM effect) [53] [54] [55] , which in the given case would be due to destructive interference between successive photon emitters. However, this remark is valid only when the interference between radiation sources is strong and destructive. In several models aiming at an explanation of the anomalous soft photon effect, the possibility of interference is discarded or ignored altogether. In the Van Hove and Lichard model of the cold quark-gluon plasma as the source of the soft photons [18, 56, 57] , the photon rate is proportional to the (incoherent) sum of cross sections of the photon production in head-on collisions of partons, mainly in the processes of annihilation (qq → gγ) and Compton scattering (qg → qγ) (note however a critical remark to this approach with a reference to the LPM effect given in the paper [58] ). Also the model [59] , based on the Unruh−Davies effect (a purely quantum-mechanical phenomenon which promotes zero-point electromagnetic field fluctuations to the level of real quanta [60] and leads to the thermal radiation from charged particles undergoing acceleration in addition to the bremsstrahlung), assumes an incoherent sum of the radiation intensities from different quarks. Nachtmann's model of the anomalous soft photons as a synchrotron radiation off quarks [61] [62] [63] in the stochastic QCD vacuum [64] also adds the contributions of synchrotron photons from different partons incoherently. This effectively means that the contribution of each quark to the radiation intensity must be proportional to the quark charge squared.
Turning to the models exploiting collective behaviour of radiation sources (let us call them collective models for brevity), it is interesting to note that in Barshay's model of a transient new coherent condition of matter [65] [66] [67] [68] , proposed for the explanation of the anomalous soft photon production in hadronic beam experiments [9] [10] [11] , the soft photon radiation enhancement appears also due to an explicitly non-linear feature of the model, but the radiation itself is coherent and the enhancement occurs due to a constructive interference of radiation sources [65] .
8.2
Collective models of the radiation By definition, the collective models assume the presence of some kind of a medium, or an ensemble of particles (in the case relevant to this study, it could be a parton shower containing a big number of constituents). The radiation appearing in the collective models has notably coherent nature since the collective modes of excitation of the medium leading to the radiation are based on the correlations between the radiation sources. Therefore the collective models of the radiation pertain to coherent models. A classical example is the transition radiation induced by a charged particle traversing a boundary between two media with different electric polarizability 7 . In this case the emerging radiation can be considered as a coherent sum of fields emitted by those parts of the media (polarized by the particle traversing it) which are adjacent to the particle trajectory [70] . In the case of the anomalous soft photon production in reaction (1) some combination of the charged jet constituents (whatever they are, quarks or the final hadrons) would be the basic source of the (coherent) radiation (note, the hadronization time available, namely 100−200 fm/c in lab for jets of 45 GeV, see [71] , is big enough to allow the formation of soft photons with transverse momenta of 20−80 MeV/c, which constitute a bulk of the signal, see [1] , thus making the coherent approach to the observations reported in this work reasonable).
In this case the production rate of the anomalous photons should depend on the collective jet characteristics, jet net charge and mass. No such dependences were found in the data, as demonstrated by the results described in Sects. 7.6 and 7.7. In particular, the quadratic component of the net charge dependence which can be assumed from Barshay's model [65] was found to contribute less than 27% to the signal (at 95% CL).
Thus the excess photons are unlikely to be produced via some collective effects in jets.
Incoherent models of the radiation
In these models the production rate of the anomalous soft photons is predicted to be proportional to the sum of the charges squared of quarks constituting the parton shower. Assuming further the proportionality of the number of these quarks to the total jet particle multiplicity, a linear dependence between the soft photon rate and the mentioned multiplicity can be predicted.
The observed dependence of the soft photon production rate on the total jet particle multiplicity (Fig. 7) agrees well with this hypothesis. A linear fit with zero offset to the coordinate system origin displayed in Fig. 7 describes well the experimental points.
However the assumption of the soft photon rate being simply proportional to the sum of the quark charges squared is unlikely to be reconciled with the prominently different dependences of the rates on the jet charged and neutral particle multiplicities derived in Sect. 7.5. This is a real problem for incoherent models.
Modification of the incoherent approach
The difference in the dependences of the photon production rates on the jet charged and neutral particle multiplicities can be interpreted more easily in the frame of adipole model of the radiation, the dipoles being formed in a parton shower in the fragmentation process. The mean electromagnetic radiation strength of adipole is expected to be by an order of magnitude higher for the neutralpair than that for the charged one.
This expectation follows from the classical (and non-relativistic) consideration of the electric dipole moment of two quarks (the consideration of the dipole moments ofandsystems is omitted due to their small admixture in a jet). This moment is
where q i is the electric charge of the quark i, and r i is its radius-vector pointing to the quark from the origin of the comoving coordinate system, which can be fixed at the c.m. position of the quark pair (assuming both quark masses to be equal, the origin can be placed at half the distance between the quarks). The straightforward calculations of dipole moments using this formula show that the neutral dipoles, consisting of opposite quark charges ±1/3 or ±2/3 possess a dipole moment which is higher by a factor of 2 or 4, respectively, as compared to the charged dipoles consisting of the quark charges +1/3, +2/3 or −1/3, −2/3. For the averaged dipole moments squared the difference (i.e. the difference in the dipole radiation strength) reaches a factor of 10 (note, this estimation of the enhancement factor for neutraldipoles has to be considered as approximate as being obtained with formula (3) under the aforementioned assumptions). Decay products of narrow resonances and short-lived unstable particles can decrease this contrast when relating the photon rate to the final particle multiplicities. Nevertheless, the dependence of the photon production rate on the jet total particle multiplicity should remain basically linear, including linear components (corresponding to the radiation from neutral and chargedpairs), though these components should have different weights. Then the following general pattern for the source of anomalous soft photon production emerging from the above considerations can be suggested. It looks as ifpairs consisting of quarks kicked out of the QCD vacuum during the fragmentation process produce extra photons incoherently with otherpairs of the jet, while some coherence inside the pairs (considered as radiating dipoles) takes place.
The pairs can consist ofkicked out of the vacuum in space-like separated regions, as in the LUND string model [30] (then some enhancement mechanism is required to explain the strength of the anomalous soft photon signal, as noticed in [51] ), or they can appear as closed quark-antiquark loops, as in the model [72] [73] [74] [75] [76] , which is based on nonperturbative QCD methods applied to the large size systems and contains a strong enhancement mechanism, naturally appearing in this approach. The model was primarily developed for the description of the pion emission by closedloops of light quarks inside heavy quarkonia, but it can be applied also for an analogous description of the soft photon radiation deep inside jets, which would be a photon source, additional to the bremsstrahlung radiation from the final state hadrons. Preliminary estimations of the soft photon intensity done within this approach look promising [77] , and the development of the photon application of the model is in progress.
However currently the details of the radiation mechanism still remain obscure, and a quantitative description of the process by any model is still lacking.
Conclusion
An analysis of the direct soft photon production rate as a function of the parent jet characteristics is presented. It contains a study of the dependences of the photon production rates on: a) jet momenta; b) jet charged particle multiplicity; c) jet neutral particle multiplicity; d) jet total particle multiplicity; e) jet mass; f) jet hardness variable; g) jet core net charge; h) jet core charged multiplicity.
Apart from the overall excess factor of about four, a good agreement of the direct soft photon behaviour as compared to that of the inner hadronic bremsstrahlung predictions is found for the jet momenta, mass and hardness, and a satisfactory agreement for the jet charged multiplicity and the jet core net charge. As to the jet neutral and total multiplicities, as well as for the jet core charged multiplicity, a prominent difference of the observed soft photon signal from the bremsstrahlung-like behaviour is observed. The data especially show that the soft photon production is governed by the multiplicity of neutral hadrons. This, and the linear dependence of the photon rate on the jet total particle multiplicity can be interpreted as a proportionality of the anomalous soft photon radiation to the total number of quark-antiquark pairs produced in the fragmentation process, with the neutral pairs being more effectively radiating than the charged ones. These findings suggest that the anomalous soft photons may shed light on the formation of the primary hadrons and thereby the quark confinement. Figure 1 : a) to h), the distributions of the variables used in this analysis, obtained with both, the real data (points), and with the MC (histograms); a) jet momentum; b) jet charged multiplicity; c) jet neutral multiplicity; d) jet total multiplicity; e) jet mass; f) hardness variable, κ J ; g) jet core net charge; h) jet core charged multiplicity. The panel i) shows the correlation plot of the jet N neu vs the jet core n ch . Right panel: ratios of the signal rates to those of the inner bremsstrahlung. The curves in the left panel are 2nd order polynomial fits produced to guide the eye; the bremsstrahlung points were fitted first, and then the bremsstrahlung curve was scaled by a factor of 4 giving a good approximation to the signal points. The inner vertical bars represent the statistical errors, while the whole vertical bars give the statistical and systematic errors combined in quadrature. The horizontal line in the right panel represents the statistical average over the signal-to-bremsstrahlung ratios. Signal/Brems ratio Figure 5 : Dependence of the direct soft photon production on the jet charged multiplicity. Left panel: signal and predicted inner bremsstrahlung rates as a function of the jet charged multiplicity. Right panel: ratios of the signal rates to those of the inner bremsstrahlung. The curves in the left panel are 2nd order polynomial fits produced to guide the eye; the bremsstrahlung points were fitted first, and then the bremsstrahlung curve was scaled by a factor of 4, which satisfactorily approximates the signal points. The inner vertical bars represent the statistical errors, while the whole vertical bars give the statistical and systematic errors combined in quadrature. The horizontal line in the right panel represents the statistical average over the signal-to-bremsstrahlung ratios. The cut p jet ≥ 20 GeV/c is applied. ratios of the signal rates to those of the inner bremsstrahlung. The curves in the left panel are 1st order polynomial fits produced to guide the eye; the bremsstrahlung points were fitted first, and then the bremsstrahlung curve was scaled by a factor of 4 giving a good approximation to the signal points. The inner vertical bars represent the statistical errors, while the whole vertical bars give the statistical and systematic errors combined in quadrature. The horizontal line in the right panel represents the statistical average over the signal-to-bremsstrahlung ratios. The cut p jet ≥ 20 GeV/c is applied. Signal/Brems ratio Figure 9 : Dependence of the direct soft photon production on the hardness variable. Left panel: signal and predicted inner bremsstrahlung rates as a function of κ j . Right panel: ratios of the signal rates to those of the inner bremsstrahlung. The curves in the left panel are 2nd order polynomial fits produced to guide the eye; the bremsstrahlung points were fitted first, and then the bremsstrahlung curve was scaled by a factor of 4 giving a good approximation to the signal points. The inner vertical bars represent the statistical errors, while the whole vertical bars give the statistical and systematic errors combined in quadrature. The horizontal line in the right panel represents the statistical average over the signal-to-bremsstrahlung ratios. The cut p jet ≥ 20 GeV/c is not applied. Signal/Brems ratio Figure 10 : Dependence of the direct soft photon production on the jet core characteristics. Upper panels: jet core net charge; bottom panels: jet core charged multiplicity. Left panels: signal and predicted inner bremsstrahlung rates as a function of the jet core characteristics. Right panels: ratios of the signal rates to those of the inner bremsstrahlung. The straight lines in the left panels are linear fits produced to guide the eye: solid line for the bremsstrahlung points and the dashed line for the signal. The inner vertical bars represent the statistical errors, while the whole vertical bars give the statistical and systematic errors combined in quadrature. The horizontal lines in the right panels represent the statistical averages over the signal-to-bremsstrahlung ratios. The cut p jet ≥ 20 GeV/c is applied.
